Murine coronavirus mouse hepatitis virus (MHV) gene 1 encodes several nonstructural proteins. The functions are unknown for most of these nonstructural proteins, including p28, which is encoded at the 5 end of the MHV genome. Transient expression of cloned p28 in several different cultured cells inhibited cell growth, indicating that p28 expression suppressed cell proliferation. Expressed p28 was exclusively localized in the cytoplasm. Cell cycle analysis by flow cytometry demonstrated that p28 expression induced G 0 /G 1 cell cycle arrest. Characterization of various cellular proteins that are involved in regulating cell cycle progression demonstrated that p28 expression resulted in an accumulation of hypophosphorylated retinoblastoma protein (pRb), tumor suppressor p53, and cyclin-dependent kinase (Cdk) inhibitor p21 Cip1 . Expression of p28 did not alter the amount of p53 transcripts yet increased the amount of p21 Cip1 transcripts, suggesting that p28 expression increased p53 stability and that p21 Cip1 was transcriptionally activated in a p53-dependent manner. Our present data suggest the following model of p28-induced G 0 /G 1 cell cycle arrest. Expressed cytoplasmic p28 induces the stabilization of p53, and accumulated p53 causes transcriptional upregulation of p21 Cip1 . The increased amount of p21 Cip1 suppresses cyclin E/Cdk2 activity, resulting in the inhibition of pRb hyperphosphorylation. Accumulation of hypophosphorylated pRb thus prevents cell cycle progression from G 0 /G 1 to S phase.
MHV replication complex (77) . However, the exact role of p28 during MHV infection remains unclear.
Many viruses manipulate the host's cell cycle regulation in order to further their own replication (reviewed in reference 61). Small DNA tumor viruses, such as simian virus 40 (21) , adenovirus (34) , and human papillomavirus (54) , encode proteins that promote cells to enter the S phase. In contrast, herpesviruses, a group of large DNA viruses which encode their own DNA polymerases, generally block cell cycle progression in the G 0 /G 1 phase during lytic infection cycles (reviewed in reference 26) . Compared to the number of reports of cell cycle arrest caused by DNA viruses, few reports of RNA virus-induced cell cycle arrest exist. Reovirus infection has been known, for a long time, to inhibit cellular DNA synthesis (20, 29) , but not until recently was it shown that the viral 1s nonstructural protein mediates reovirus-induced inhibition of cell proliferation by arresting host cells in the G 2 /M phase of the cell cycle (68, 69) . Human immunodeficiency virus type 1 infection also induces cell cycle arrest in the G 2 /M phase (30) ; sole expression of the accessory gene product Vpr is sufficient for inducing G 2 /M cell cycle arrest (70, 72) . Vpr-mediated cell cycle arrest apparently favors human immunodeficiency virus type 1 replication, because the long terminal repeat is most active and the expression of viral genome is optimal in the G 2 phase of cell cycle (27) . Cell cycle perturbations also are seen in cells infected with the paramyxovirus simian virus (41) , measles virus (51, 56) , and MHV (16) .
Cyclins and cyclin-dependent kinases (Cdks) form complexes and play important regulatory roles in controlling cell cycle progression through the G 1 , S, G 2 , and M phases (reviewed in references 58 and 67). G 1 phase progression requires the activity of cyclin D-Cdk4/6 complexes, and cyclin E-Cdk2 activity is necessary for the G 1 -S transition. These G 1 cyclin-Cdk complexes regulate the cell cycle through phosphorylation of the retinoblastoma protein (pRb). In the quiescent G 0 phase, pRb is unphosphorylated; it then is sequentially hypophosphorylated by cyclin D-Cdk4/6 complexes in early G 1 phase and hyperphosphorylated by cyclin E-Cdk2 complex in mid-to late G 1 (48) . It remains hyperphosphorylated in the S, G 2 , and M phases of cycling cells (22) . In its active, hypophosphorylated state, pRb is a transcriptional repressor when bound to the E2F family of transcription factors. Functionally pRb is inactivated when it is hyperphosphoryled in late G 1, which results in the release of E2F and allows the transcription of genes that are important for DNA synthesis (reviewed in reference 84). Activities of G 1 cyclin-Cdk complexes are regulated by Cdk inhibitors (CKIs), which can be grouped into two families (reviewed in reference 76). The INK4 family proteins bind to Cdk4 and Cdk6, thus blocking cyclin D-Cdk4/6 activities (reviewed in reference 75). CKIs of Cip/Kip family contain p21 Cip1 , p27 Kip1 , and p57 Kip2 , which are potent inhibitors of cyclin E-and A-dependent Cdk2 (reviewed in reference 55). The tumor suppressor p53 exerts its antiproliferative effect by activating p21 Cip1 (25) ; however, p21 Cip1 also can be activated by p53-independent mechanisms (78) .
The present study demonstrated that expression of MHV p28 had a growth-inhibitory function on the cultured cells in which it was expressed. Expression of p28 induced G 0 /G 1 cell cycle arrest, which was mostly likely due to an increase in the hypophosphorylated form of pRb. The cell cycle block occurred together with the accumulation of p53 and p21 Cip1 , suggesting that p53-mediated activation of p21 Cip1 was one mechanism for p28-induced growth arrest. This is the first demonstration that the expression of an RNA viral nonstructural protein can specifically arrest the cell cycle in the G 0 /G 1 phase.
MATERIALS AND METHODS

Viruses and cells.
Plaque-cloned MHV-A59 and MHV-2 were used in this study. Mouse fibroblast 17Cl-1 cells (82) were cultured as previously described (15) . Mouse astrocytoma DBT cells (31) were used for propagation of MHV. Human embryonic lung fibroblast LU cells (3) were cultured as previously described (18) . The BOSC23 cells (64) were cultured in Dulbecco's modified Eagle's medium containing 10% fetal calf serum in 10-cm-diameter collagencoated dishes (BioCoat Collagen I Cellware; Becton Dickinson Labware).
Plasmid constructions. A reverse transcription-PCR-based method was used to construct pcDNA 3.1 (Invitrogen)-derived plasmids, pV2-p28-FLAG and pA59-p28-FLAG, each of which contained the FLAG epitope tag at the C termini of the MHV-2 p28 and MHV-A59 p28 ORFs, respectively. Similarly, pEGFP-N1 (Clontech)-derived plasmids, pEGFP-A59-p28 and pEGFP-V2-p28, in which the enhanced green fluorescent protein (EGFP) ORF was fused to the C termini of the MHV-A59 p28 and MHV-2 p28 ORFs, respectively, were created by using a PCR-based method. To construct the plasmid for the Tet-Off gene expression system, the p28-FLAG fragment in pA59-p28-FLAG was subcloned into the NheI-EcoRV sites in pTRE2 (BD Biosciences), yielding pTRE2-p28-FLAG. For retrovirus-mediated expression of p28, the p28-EGFP fragment in pEGFP-A59-p28 and the EGFP gene in pEGFP-N1 were cloned separately into the EcoRI-NotI sites of the retrovirus-based expression vector pCX4bsr (2) to yield pCX-p28EGFP and pCX-EGFP, respectively. The plasmid pcDNA3.1/ HisB/LacZ was purchased from Invitrogen.
Transient p28 expression in 17Cl-1 cells. Cultures of 17Cl-1 cells growing in six-well plates at 40 to 60% confluence were transfected with 1 g of various plasmids by using Lipofectamine-Plus reagent (Invitrogen). Transfection efficiency was routinely between 70 to 80%.
Establishment of p28-expressing 17Cl-1 cell lines. The Tet-Off-inducible gene expression system (BD Biosciences) was used to generate stable 17Cl-1 cells expressing p28 under the control of tetracycline or its derivative doxycycline. Cultures of 17Cl-1 cells at approximately 50% confluence were transfected with the pTet-Off plasmid and grown in selection medium containing 600 g of Geneticin (Invitrogen) per ml for 2 weeks. Cell colonies were isolated and screened by transient transfections with pTRE-Luc for clones with low background and high induction of luciferase in response to doxycyline. One such 17Cl-1/tet-off clone was subsequently cotransfected with pTRE2-p28-FLAG and pTK-Hyg and grown for two weeks in the selection medium containing 600 g of Geneticin (Invitrogen) per ml, 400 g of hygromycin B (BD Biosciences) per ml, and 1 g of doxycyline per ml. Double-stable cell colonies were isolated and screened for p28-FLAG expression (17Cl-1/tet-off-p28) after the withdrawal of doxycyline. Cell clones that did not express p28-FLAG (17Cl-1/tet-off-hyg) were also isolated for use as controls. All transfections were performed with Lipofectamine-Plus reagent (Invitrogen).
Total cell lysate preparation. At various times after DNA transfection or doxycyline withdrawal, cells were harvested for total lysate preparation. Cell monolayers were washed once with phosphate-buffered saline and lysed with triple-detergent lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1% sodium dodecyl sulfate [SDS], 1% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA) containing a protease inhibitor cocktail (Sigma). Cell lysates were collected and incubated on ice for 30 min. After centrifugation at 14,000 ϫ g for 10 min at 4°C, the proteins in the supernatants were quantified (DC protein assay; Bio-Rad) and analyzed by using Western blots. To detect pRb, cells were lysed directly in 1ϫ SDS sample buffer (60 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.01% bromophenol blue), boiled for 10 min, and passed through a 23-gauge needle several times to shear DNA.
Western blot analysis. Western blot analysis was performed as previously described (15) . The following mouse monoclonal antibodies were used: anti-pRb (G3-245; BD PharMingen) and anti-FLAG (M2, Sigma). The following rabbit polyclonal antibodies were used: anti-p21 (C-19), anti-p53 (FL-393) (Santa Cruz Biotechnology), and anti-p27 (no. 2552; Cell Signaling). Actin was detected by using a goat antiactin polyclonal antibody (I-19; Santa Cruz Biotechnology) as the primary antibody. Suitable secondary antibodies included donkey anti-goat immunoglobulin G and goat anti-mouse and anti-rabbit immunoglobulin Gs conjugated to horseradish peroxidase (Santa Cruz Biotechnology).
Measurement of cell proliferation. At 24 h after transfection, 17Cl-1 cells were subcultured into 6-cm-diameter dishes and grown for a further 44 h before being tested for trypan blue exclusion to determine the number of live cells.
Analyses of subcellular localization of p28. Cultures of 17Cl-1 cells growing in eight-well coverslip chamber slides (Nunc) at 40 to 60% confluence were transfected with 0.2 g of pEGFP-N1, pEGFP-A59-p28, or pEGFP-V2-p28. At 24 h after transfection, cultures were incubated with the DNA-binding dye Hoechst 33342 (5 g/ml) for 5 min, and live cells were observed under a Zeiss LSM 510 UV META laser scanning confocal microscope with excitation wavelengths of 458 and 488 nm in the University of Texas Medical Branch Infectious Disease and Toxicology Optical Imaging Core.
Cell cycle analysis by flow cytometry. Nuclear DNA content was measured by using propidium iodide staining and fluorescence-activated cell sorter analysis, as previously described (89) . Briefly, adherent cells were trypsinized, washed with phosphate-buffered saline, resuspended in a low-salt stain solution (3% polyethylene glycol 8000, 50 g of propidium iodide per ml, 0.1% Triton X-100, 4 mM sodium citrate, 10 g of RNase A per ml), and incubated at 37°C for 20 min. An equal volume of high-salt stain solution (3% polyethylene glycol 8000, 50 g of propidium iodide per ml, 0.1% Triton X-100, 400 mM sodium chloride) was then added to the cell suspension. Propidium iodide-stained nuclei were stored at 4°C overnight before fluorescence-activated cell sorter analysis (FACScan; Becton-Dickinson), and at least 15,000 nuclei were counted for each sample. ModFit LT V2.0 software (Verity Software House) was used for data analysis.
Preparation of total cellular RNA and Northern (RNA) blotting. At various times after doxycyline withdrawal, 17Cl-1/tet-off-p28 cells were harvested for total RNA preparation with an RNAqueous kit (Ambion). Ten micrograms of total RNA was denatured and separated on a 0.8% agarose electrophoretic gel containing formaldehyde, and RNAs were transferred onto nylon filters as previously described (50) . Northern blot analysis was performed with digoxigeninlabeled random-primed probes (Roche) corresponding to cDNA fragments of mouse p21 Cip1 (nucleotides [nt] 138 to 412), p53 (nt 782 to 1169), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (nt 544 to 1043).
Retrovirus-mediated p28 expression. BOSC23 cells at 50 to 60% confluence were transiently cotransfected with 10 g of pCL-Ampho (57) and either 10 g of pCX-p28EGFP or 10 g of pCX-EGFP (control), using the FuGENE 6 transfection reagent (Roche). The medium was replaced with fresh medium at 18 h after transfection, and the pseudotype viruses in the supernatant were collected at 48 h after transfection. The supernatants were filtered through 0.45-m-pore-size filters, and a 1/100 volume of 0.8-mg/ml Polybrene was added to give a final concentration of 8 g/ml; this was used as the pseudotype inocu-lum. The medium from 1-day-old cultures of LU cells that had been plated in 6-cm-diameter dishes was aspirated, and the cells were overlaid with 2 ml of pseudotype inoculum for 4 h. The inoculum was then replaced with fresh growth medium, and the infected cells were incubated at 37°C for 96 h.
RESULTS
Expression of p28 inhibits cell proliferation.
To explore possible biological functions of p28, we expressed cloned p28 in mammalian cell cultures and looked for any changes that were induced by its expression. We cloned p28 from two MHV strains, MHV-A59 and MHV-2, into a mammalian expression vector, pcDNA 3.1; proteins MHV-A59 p28 and MHV-2 p28 share 94.3% amino acid identity. The FLAG tag was added at the C terminus of MHV-A59 p28 cDNA and to that of MHV-2 p28 cDNA; the former was named pA59-p28-FLAG plasmid, and the latter was named pV2-p28-FLAG plasmid. A pcDNA 3.1-based vector expressing LacZ, pcDNA3.1/HisB/LacZ, was used as a control. The same amounts of these plasmids were independently transfected into MHV-susceptible 17Cl-1 cells that were about 50% confluent. Judging from the LacZ staining of cells that were transfected with pcDNA3.1/HisB/LacZ, 70 to 80% of the cells were expressing the protein product from the transfected gene. Expression of p28 protein by cells transfected with either the pA59-p28-FLAG plasmid or the pV2-p28-FLAG plasmid was clearly shown at 24 h posttransfection in Western blot analysis of cell extracts with anti-FLAG antibody (Fig. 1A) . In repeated experiments, FLAG-tagged MHV-A59 p28 appeared as a single band, whereas FLAGtagged MHV-2 p28 appeared as two closely migrating bands, with a major fast-migrating signal and a minor slowly migrating signal. Also noted was that the major MHV-2 p28 band migrated slightly more slowly than the MHV-A59 p28 band.
During observation of cells at various times posttransfection, we unexpectedly noticed an apparent growth inhibition in the cells expressing p28 protein derived from both MHV-A59 and MHV-2. The apparent inhibition did not occur in the pcDNA3.1/HisB/LacZ-transfected cells. Neither an increase in the number of dead cells nor enhanced apoptosis was seen in the p28-transfected cells (data not shown), demonstrating that the cell growth inhibition phenomenon was not due to cell death. Counting of live cells at 68 h after transfection revealed that the number of cells in the cultures that were transfected with pA59-p28-FLAG or pV2-p28-FLAG plasmids was about 40% of the cell number in the control cells transfected with pcDNA3.1/HisB/LacZ (Fig. 1B) . These data demonstrated that expression of MHV p28 in 17Cl-1 cells inhibited cell proliferation. A similar level of cell proliferation inhibition was also observed in p28-expressing NIH 3T3 cells (data not shown).
Subcellular localization of expressed p28 in transfected cells. In MHV-infected cells, synthesized MHV p28 localizes in the cytoplasm (7) . As a start to understanding the mechanisms of p28-induced cell growth inhibition, we examined subcellular localization of expressed p28. Immunofluorescence analyses of FLAG-tagged p28-expressing cells did not convincingly reveal the subcellular localization of the expressed p28 (data not shown). To circumvent these technical problems, we constructed a p28-EGFP fusion protein to study the subcellular localization of the expressed p28. The mammalian expression plasmid pEGFP-N1, which expresses EGFP, served as a pa-rental plasmid and a negative control. We cloned the p28s of MHV-A59 and MHV-2 into pEGFP-N1, yielding pEGFP-A59-p28 and pEGFP-V2-p28, respectively; these plasmids express a p28-EGFP fusion protein, in which EGFP was fused to the C terminus of p28. Transfection of pEGFP-A59-p28 and pEGFP-V2-p28 into 17Cl-1 cells resulted in inhibition of cell proliferation; at 68 h posttransfection, live cell numbers for the cells transfected with p28-EGFP from either MHV-A59 or MHV-2 were about 40% of those for the cells transfected with pEGFP-N1 (data not shown). These data eliminated the possibility that an addition of the FLAG tag or EGFP sequence to p28 was contributing to cell growth inhibition; it was p28 itself that inhibited cell proliferation. Subcellular localization of expressed EGFP and p28-EGFP in live 17Cl-1 cells was examined under a confocal microscope at 24 h posttransfection. Hoechst staining was used to identify the localization of the nucleus. As shown in Fig. 2A to C, expressed EGFP was present both in the cytoplasm and the nucleus. These results were expected, because EGFP is a small protein (about 30 kDa) and is known to diffuse into the nucleus without active nuclear export and import regulations (59) . In marked contrast, both MHV-A59 and MHV-2 p28-EGFP fusion proteins were found exclusively in the cytoplasm ( cytoplasmic localization of p28-EGFP was also observed when the fusion protein was expressed in NIH 3T3 cells (data not shown). These data demonstrated that p28 somehow exerted its inhibitory effect on cell proliferation from its cytoplasmic localization.
Expression of p28 blocks cell cycle progression in G 0 /G 1 . To further characterize the p28-induced cell proliferation inhibition, we generated 17Cl-1 cell clones that conditionally expressed FLAG-tagged MHV-A59 p28 by using a Tet-Off system, in which p28 expression is controlled by a tetracyclineregulated promoter. Three 17Cl-1/tet-off-p28 cell clones were isolated and analyzed for FLAG-tagged p28 expression in Western blot analysis with anti-FLAG antibodies (Fig. 3A ). When these cells were incubated in the presence of 1 g of doxycyline per ml, p28 expression was continuously suppressed and cells proliferated normally. Expression of p28 was detectable at 96 h after doxycyline withdrawal from the culture medium, and the expression increased to a higher level at 108 h. Under the microscope, the proliferation of all three cell clones was observed to be inhibited after p28 expression. Most cells were still attached to the culture dishes at 24 h after p28 expression (120 h after doxycyline withdrawal) and appeared morphologically longer than normal 17Cl-1 cells (data not shown). No sign of cell rounding or death was observed in those cells. Three control 17Cl-1/tet-off-hyg cell clones were also isolated, and neither p28 expression nor cell growth inhibition was detected in these cell lines, even at 108 h after doxycyline withdrawal (Fig. 3B) .
To determine whether the growth inhibition of p28-expressing cells was due to the arrest of cell cycle progression at a certain phase(s), at 120 h after doxycyline withdrawal, three 17Cl-1/tet-off-p28 cell clones were analyzed for cell cycle profiles by measuring DNA content by propidium iodide staining and flow cytometry (Fig. 4A) . The histograms were quantita-tively analyzed by use of a curve-fitting program to determine the percentage of cells in each of the G 0 /G 1 , S, and G 2 /M phases (Fig. 4B) , where G 0 /G 1 phase cells show a 2N DNA content and G 2 /M phase cells show a 4N DNA content. In the presence of doxycyline, all three 17Cl-1/tet-off-p28 cell clones had a normal distribution of cells at G 0 /G 1 , S, and G 2 /M phases, with an average of 50% of the cells in G 0 /G 1 . When cells expressed p28, over 80% of the cells accumulated in the G 0 /G 1 phase, strongly indicating that a G 0 /G 1 cell cycle arrest was induced in p28-expressing cells. In contrast, the cell cycle profiles of all three 17Cl-1/tet-off-hyg cell lines were similar when cells were cultured in the presence or absence of doxycyline, indicating that G 0 /G 1 cell cycle arrest in the 17Cl-1/tetoff-p28 cell clones was rooted in p28 expression and was not a nonspecific effect of doxycyline treatment or treatment withdrawal.
To know whether the p28-induced inhibition of cell cycle progression in G 0 /G 1 phase was due to an overexpression of p28 in 17Cl-1/tet-off-p28 cells, we compared p28 accumulation in MHV-infected cells and p28-expressing 17Cl-1/tet-off-p28 cells. Because anti-p28 antibodies that are suitable for Western blot analysis were not available, a radioimmunoprecipitation method was used to estimate the level of p28 accumulation. We have found that efficient p28 synthesis occurred from 3.5 to (4) demonstrated that the radiolabeled p28 signals in 17Cl-1/tet-off-p28 cells during both labeling periods were approximately 5% of that in MHVinfected cells (data not shown), indicating that the amount of p28 synthesized and accumulated in the 17Cl-1/tet-off-p28 cells was lower than that in MHV-infected cells. These results indicated that the G 0 /G 1 cell cycle arrest in 17Cl-1/tet-off-p28 cells was not due to overexpression of p28.
Status of pRb phosphorylation in p28-expressing cells.
Hyperphosphorylation of pRb in late G 1 is necessary for the release of E2F, which then activates genes that are important for DNA synthesis, thereby allowing the cell cycle to progress into the S phase. Accordingly, a possible mechanism of the p28-induced cell cycle progression inhibition in G 0 /G 1 phase may be that p28 expression somehow prevents pRb hyperphosphorylation. We tested this possibility by analyzing the phosphorylation state of pRb in p28-expressing cells by Western blot analysis with an anti-pRb monoclonal antibody, which detects all forms of pRb. We analyzed total 17Cl-1 cell extracts that were collected at 36 h posttransfection of pcDNA3.1/ HisB/LacZ, pA59-p28-FLAG plasmid, or pV2-p28-FLAG plasmid. LacZ-expressing cells had a major slowly migrating pRb band, while cells expressing MHV-2 p28 as well as MHV-A59 p28 had a major fast-migrating pRb band and a minor slowly migrating band (Fig. 5A ). The hyperphosphorylated pRb migrates more slowly than the hypo-and unphosphosphorylated forms of pRb in this experimental condition. Hence, a majority of pRb was the hyperphosphorylated form in LacZ-expressing cells, while the appearance of the major fastmigrating pRb signal in p28-expressing cells indicated accumulation of the hypo-and/or unphosphorylated form. We also examined the phosphorylation state of pRb in 17Cl-1/tet-off-p28 cell clones. As shown in Fig. 5B , when p28 expression was suppressed by doxycyline, pRb remained in a hyperphosphorylated form. After withdrawal of doxycyline to allow p28 expression, an obvious decrease in the hyperphosphorylated pRb and a concomitant accumulation of hypo-and unphosphorylated pRb occurred at 96 and 108 h, during which p28 expression and cell growth arrest were detected ( Fig. 3 and 4) . Accumulation of hypo-and/or unphosphorylated pRb in p28expressing cells suggested that p28 expression inhibited pRb hyperphosphorylation, resulting in suppression of E2F activity and progression of the cell cycle to S phase. 
Analyses of CKIs and the tumor suppressor p53 in p28expressing cells.
During cell cycle progression through the G 1 and G 1 -S boundary, pRb is first hypophosphorylated by cyclin D-Cdk4/6 complexes and then hyperphosphorylated by cyclin E-Cdk2 complexes in late G 1 . Accordingly, accumulation of hypo-and/or unphosphorylated pRb in p28-expressing cells indicated inhibition of these G 1 cyclin-Cdk complex functions. CKIs suppress G 1 cyclin-Cdk complex function, and therefore we examined expression levels of two CKIs of the Cip/Kip family in p28-expressing 17Cl-1 cells; these were p21 Cip1 and p27 Kip1 , which can block cyclin E-Cdk2 activity and arrest the cell cycle in G 1 . Cells transfected with pcDNA3.1/HisB/LacZ or pA59-p28-FLAG plasmid were harvested at 36 h after transfection and analyzed for p21 Cip1 and p27 Kip1 expression by Western blot analysis (Fig. 6A) . The amounts of p27 Kip1 were similar in LacZ-expressing cells and p28-expressing cells; the slight increase in the amount of p27 Kip1 in p28-expressing cells shown in Fig. 6A was not reproducible. In contrast, p28-expressing cells contained a significantly larger amount of p21 Cip1 than LacZ-expressing cells (Fig. 6A ). Furthermore, a significantly large amount of p21 Cip1 was demonstrated at 96 and 108 h after p28 induction in 17Cl-1/tet-off-p28 cells (Fig. 6B ). Accumulation of p21 Cip1 protein coincided with that of p28 ( Fig. 3 ) and hypophosphorylated pRb (Fig. 5 ). We next performed Northern blot analysis of p21 Cip1 to determine whether p21 Cip1 is upregulated at the transcriptional level. As shown in Fig. 6C, 17Cl -1/tet-off-p28 cells demonstrated a very low level of p21 Cip1 mRNA in the absence of p28 expression, while p21 Cip1 mRNA became detectable at 96 and 108 h after withdrawal of doxycyline, times when p28 expression and p21 Cip1 protein accumulation were evident. We performed these experiments with three different 17Cl-1/tet-off-p28 cell clones and had similar results. These data unquestionably demonstrated that expression of p28 resulted in the activation of p21 Cip1 gene expression.
Because the tumor suppressor protein p53 is known to activate p21 Cip1 transcription (40), we examined whether p53 might have a role in regulating p21 Cip1 expression in p28expressing cells. Significant p53 accumulation occurred at 96 and 108 h after withdrawal of doxycyline in a 17Cl-1/tet-off-p28 cell clone (Fig. 6B) . A similar result was found for two other 17Cl-1/tet-off-p28 cell clones as well (data not shown). Northern blot analysis showed that expression of p28 did not affect the level of p53 mRNA (Fig. 6C ), suggesting that p53 accu- on February 13, 2020 by guest http://jvi.asm.org/ mulation in p28-expressing cells was regulated by a posttranscriptional mechanism(s). These data demonstrated that p28 expression induced p53 accumulation and further suggested that p21 Cip1 was probably activated in a p53-dependent manner. Expression of p28 in human embryonic lung fibroblasts results in cell cycle arrest in G 0 /G 1 . To further establish the association of p53 in p28-mediated cell cycle arrest in G 0 /G 1 , p28 was expressed in LU human embryonic lung fibroblasts (3) , which most probably contain wild-type p53, and cell cycle profiles were examined. LU cells responded to a genotoxic chemical insult induced by 1,3-butadiene diepoxide or chlorambucil {4-(4-[bis(2-chloro-ethyl)amino]phenyl)butyric acid} with stabilization of p53, an increase in p53 abundance, and an increase in p21 Cip1 RNA and protein (Z. Chen and T. Albrecht, personal communication). Accordingly, we considered that the use of LU cells was appropriate for the present study. Because LU cells showed poor DNA transfection efficiency (data not shown), we used a retrovirus-based gene delivery method to express p28 in LU cells. Flow cytometric analysis revealed that about 90% of the LU cells were positive for expression of EGFP signal after infection of pseudotype retrovirus-encoding EGFP as well as pseudotype retrovirus-encoding MHV-A59 p28-EGFP fusion protein (data not shown). The numbers of live cells in the cultures that expressed MHV-A59 p28-EGFP fusion protein were approximately 70% of those of control cells expressing EGFP at 96 h p.i. (data not shown), thus demonstrating that cell proliferation was inhibited in human LU cells that expressed p28-EGFP fusion protein. Cell cycle analysis of infected cells at 96 h p.i. showed there was a significant increase in the percentage of cells in the G 0 /G 1 phase, with a reduction in the S phase population of p28-expressing cells, compared with cells expressing EGFP (Fig. 7) ; the P values (Student's t test) were less than 0.05 for both G 0 /G 1 and S phases. These studies demonstrated that MHV p28 could induce cell cycle arrest in the G 0 /G 1 phase of human cells, as it could in murine cells.
DISCUSSION
We demonstrated that expression of p28 in murine 17Cl-1 cells, NIH 3T3 cells, and human LU cells resulted in cell growth retardation. Expressed p28 was detected solely in the cytoplasm. Studies using a tetracycline-regulated p28 expression system in 17Cl-1 cells and pseudotype retrovirus-mediated p28 expression in LU cells revealed that p28 expression led to cell cycle arrest in the G 0 /G 1 phase. To our knowledge, this is the first demonstration that the expression of an RNA viral nonstructural protein can specifically arrest the cell cycle in the G 0 /G 1 phase. Western blot analysis demonstrated that p28 expression induced accumulation of hypophosphorylated pRb, p53, and CKI p21 Cip1 proteins. Northern blot analysis further revealed that p28 expression did not affect the amount of p53 mRNA, yet it increased the amount of p21 Cip1 mRNA. These data suggest a model in which p28 expression induces accumulation of p53, which in turn transcriptionally upregulates p21 Cip1 . The increased amount of p21 Cip1 suppresses cyclin E-Cdk2 complex's function to hyperphosphorylate pRb, resulting in cell cycle arrest in G 0 /G 1 phase (Fig. 8 ). Wurm et al. showed that expressed transmissible gastroenteritis virus (TGEV) and MHV N proteins localize in both the cytoplasm and the nucleus, particularly in the nucleolus, and that a higher percentage of cells undergo cell division in TGEV N proteinexpressing cells; they considered that TGEV N protein causes cell cycle delay or arrest, most likely in the G 2 /M phase (86) . If MHV N protein also inhibits cytokinesis, then MHV appears to encode multiple proteins that can affect host cell cycle regulation.
Several herpesvirus proteins that are known to induce cell cycle arrest in G 0 /G 1 , e.g., herpes simplex virus ICP0 and ICP27 (32, 43, 79) , Epstein-Barr virus Zta protein (14) , and cytomegalovirus IE2 and UL69 proteins (44, 85) , are immediate-early gene products that are abundantly synthesized early during lytic infections. As described above, MHV p28 was also synthesized efficiently early in infection; efficient p28 synthesis occurred from 3.5 to 6.5 h p.i., while the maximum level of viral structural protein synthesis was detected from 6 to 10 h p.i. (A. Maeda, J. Maeda, and S. Makino, unpublished data). Considering the expression time of these antiproliferative viral proteins, certain herpesviruses and MHV might have developed a strategy for suppressing cell cycle progression early in their lytic infection cycles; such modification of the cell cycle regulatory machinery may provide a better cellular environment for efficient viral replication.
The present study suggested that the increased amount of p53 in p28-expressing cells was a factor in inducing p21 Cip1 upregulation. The p53 protein is unstable and has a short halflife, due to its high sensitivity to ubiquitin-mediated proteolysis (62, 71, 73) . Stabilization of p53 can be achieved by posttranslational modifications, such as phosphorylation and acetylation, of p53 or by inactivating Mdm2, a cellular inhibitor of p53 (reviewed in references 5 and 6). Some viral proteins are known to affect p53 activities; activation of p53 and p21 Cip1 can be induced by herpes simplex virus ICP0 (32), Epstein-Barr virus Zta (14), cytomegalovirus IE2 (53), and HCV core protein (45) . Expressed p28 was detected in the cytoplasm (Fig. 2) , while p53 accumulation most probably occurred in the nucleus, implying that cytoplasmic p28 exerts its effect on p53 through activation of a signaling pathway that works across nuclear membranes. Candidate molecules that could be involved in this putative signaling pathway include Mdm2 (33), ATM (13), FRAP/mTOR (88) , and p38 (52), all of which affect p53 stability and can shuttle between the cytoplasm and nucleus. Is this putative p28-induced pathway active in MHV-infected cells, and does it have any other biological functions? MHV-2 replication in 17Cl-1 cells and DBT cells arrests the cell cycle in the G 0 /G 1 phase (16) . Our study suggested that a reduction in the amounts of G 1 cyclin-Cdk complexes in MHV-infected cells leads to reduced Cdk activities and inefficient hyperphosphorylation of pRb, resulting in inhibition of the cell cycle in the G 0 /G 1 phase. The amounts of CKIs p21 Cip1 , p27 Kip1 , and p16 INK4a do not change in infected cells, demonstrating that accumulation of p21 Cip1 , which was clearly observed in p28expressing cells, is masked in MHV-infected cells; MHV-induced general host protein synthesis inhibition may be, at least in part, responsible for preventing accumulation of p21 Cip1 . A putative p28-induced signaling pathway that induces p53 stabilization, however, appeared to be active in MHV-infected cells, because the same specific modification of p53 occurred both in MHV-infected cells and p28-expressing cells (C.-J. Chen, C. Huang, and S. Makino, unpublished data). It is worth noting that ATM and FRAP/mTOR are known to be involved in cap-dependent translation, in addition to their involvement in p53 modification (12, 87) . Most coronavirus proteins are translated in a cap-dependent manner, so it will be interesting to examine whether p28 activates a signaling pathway involving ATM and FRAP/mTOR for translational activation of virusspecific proteins.
Binding of cyclin-Cdk complexes to their substrates is mediated through the MRAIL motif in cyclins and a cyclin-binding motif containing the RXL sequence (RXL motif) in the substrates (1, 49, 60, 66, 74) . CKIs also bind to cyclins through the CKI's RXL motif (1, 17) . Many cyclin-binding proteins have arginine (R) or lysine (K) in the place of X in the RXL motif, and R of the RXL motif is replaced with K in some cyclin-binding proteins (42) . Because MHV p28 has a 109 KRL 111 sequence, which seems to be equivalent to the RXL motif, p28 may bind to cyclins and regulate cyclin-Cdk activities. Besides the RXL motif, the (S/T)PX(K/R) consensus phosphorylation site is present in the substrates of all Cdks (80, 81, 90) . MHV-2 p28 contains a 30 SPER 33 sequence in its N-terminal region that is a potential phosphorylation site by Cdks, while MHV-A59 p28 contains an NPER sequence instead of SPER. Western blot analysis resolved MHV-A59 p28 as a single band, while expressed MHV-2 p28 was detectable as two separate bands, a major fast-migrating signal and a minor slowly migrating band (Fig. 1A) . It is possible that the slowly migrating band of MHV-2 p28 may represent p28 that was phosphorylated by Cdks. Because MHV-A59 p28 also induces cell cycle arrest, a putative phosphorylation by Cdks is not essential for the antiproliferative function of p28. Nevertheless, besides activating p21 Cip1 , p28 may also bind to the cyclin-Cdk complexes and block cyclin-Cdk activities to induce G 0 /G 1 cell cycle arrest.
